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Abstract
The isovector potential parameter (b1) of the s-wave pion–nucleus interaction was deduced to be b1 = −0.116+0.015−0.017m−1π
by using the binding energy and width of the recently observed deeply bound 1s π− state in 205Pb combined with the known
1s states of light pionic atoms. An enhancement of b1 over the free-πN value (|−0.090|) is indicated, which may infer that the
chiral order parameter (squared pion decay constant, f 2π ) is reduced by a factor of 0.78+0.13−0.09 in the nuclear medium of 205Pb
where the bound π− is located. The isoscalar part is accounted for as arising mainly from a double-scattering effect, without
invoking a large density-quadratic term.
 2002 Elsevier Science B.V.
1. Introduction
It is of great importance to study the s-wave
(local) part of the pion–nucleus interaction, as recently
emphasized [1,2], since not only the s-wave strength
as a whole translates into a pion mass excess in the
nuclear medium [3], but also its isovector parameter
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(b1) is related to the pion decay constant (fπ =
92.4 MeV) through the Tomozawa–Weinberg theorem
[4,5],
(1)b1 =− 14π(1+mπ/M)
ω
2f 2π
,
where mπ and M are the pion and the nucleon masses,
respectively, and ω is the energy of the pionic state
(∼mπ ), whereas the isoscalar parameter (b0) is pre-
dicted to be zero. In fact, the Tomozawa–Weinberg re-
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lation is supported by recently obtained data on the
free-πN interactions [6,7]:
(2)bfree0 = (1.7± 1.0)× 10−3 m−1π ,
(3)bfree1 =−(90.0± 1.6)× 10−3 m−1π .
The quantity f 2π is the order parameter of chiral
symmetry breaking of QCD, and is expressed in
terms of the quark condensate through the Gell-Mann–
Oakes–Renner relation [8]. On the other hand, the
experimental strength of the s-wave pion–nucleus
potential (∼ 27 MeV), which has been obtained from
the recently discovered 1s state of π− in 205Pb [9], is
substantially larger than that expected from these bfree0
and bfree1 parameters; the reason for this difference
has not yet been thoroughly pursued. To clarify this
problem it is vitally important to experimentally study
the 1s π− states in heavy nuclei, because they provide
unique information about the isovector part of the
s-wave potential. In the present Letter we show that
the observed binding energy (B1s ) and width (Γ1s)
of the 1s π− state of 205Pb [9], combined with
information from the 1s states of light pionic atoms,
yield clearer information on b1, indicating a reduced
chiral order parameter in the nuclear medium.
Traditionally, the pion–nucleus interaction [10,11]
has been studied using the binding energies (Bnl )
and widths (Γnl) of the pionic atom states (n, l) [12,
13]. However, no information on the 1s π− states
for A> 28 can be obtained from pionic-atom spec-
troscopy because of a termination of the x-ray cascade
at 2p. Recently, a new type of nuclear spectroscopy
using the pion transfer (d , 3He) reaction was estab-
lished to form deeply bound pionic states in heavy nu-
clei [14–17], following theoretical predictions of Toki
et al. [18–21]. The narrowness of the 1s states in heavy
nuclei is due to the repulsive nature of the π−-nucleus
potential, as originally pointed out by Friedman and
Soff [22]. The latest experiment on 206Pb(d , 3He) [9]
has yielded precise values of B1s and Γ1s in 205Pb. In
the present Letter we analyze these qualitatively new
data following the spirit and procedure of Ref. [2],
which proposes to make use of the experimental val-
ues of B1s and Γ1s of nuclei having different (Z,N )
compositions to uniquely deduce the b0 and b1 para-
meters.
2. Pion–nucleus s-wave potential parameters
The pion–nucleus interaction consists of s-wave
(local) and p-wave (non-local) parts [10,11]. The
s-wave potential is given by
(4)
Us(r)=− 2π
mπ
[
1
{
b0ρ(r)+ b1∆ρ(r)
}
+ 2B0ρ(r)2
]
,
where ρ(r) = ρ(n)(r) + ρ(p)(r), ∆ρ(r) = ρ(n)(r) −
ρ(p)(r), 1 = 1 + mπ/M = 1.15 and 2 = 1 + mπ/
2M = 1.07. We employ the conventional units, m−1π
for b0 and b1 and m−4π for B0. Hereafter, we omit
these units in numerical expressions, as long as no
confusion is caused. It is well known that the 1s
states of π− bound in both light and heavy nuclei
are governed dominantly by the repulsive s-wave part,
whereas higher lying states (l > 0) are affected by
both the repulsive s-wave and the attractive p-wave
parts, which largely cancel each other (see Umemoto
et al. [23]).
So far, a number of available data on Bnl and Γnl
of various pionic atoms (from 1s in light nuclei to 4f
in heavy nuclei) have been used to empirically deter-
mine all of the potential parameters by a global fitting.
The global fitting procedure respects all of the pionic
atom data on an equal footing to deduce the 9 free pa-
rameters from a chi-squares minimization in a multi-
parameter space. The most representative parameter
sets obtained using modern experimental data bases
are those of Konijn et al. (referred to as KLTK90) [12]
and of Batty, Friedman and Gal (referred to as BFG97)
[13]. Both parameter sets reproduce and predict Bnl
and Γnl more or less equally well. However, if we look
at the individual s-wave parameter values, themselves,
we notice that there are substantial differences be-
tween the two cases, as shown in Table 1. This means
that the global fitting method is good enough for the
purpose of reproducing pionic atom data as a whole,
but appears to be inadequate when focussing on a par-
ticular parameter; in the present case, this would be
the isovector parameter (b1). Note that although the b1
values of KLTK90 and BFG97 listed above are signif-
icantly different, −0.090(5) vs. −0.125(14), no seri-
ous attention has been paid to such a difference be-
cause of the equally good reproducibility of all the
data. On the other hand, to pin down the possible in-
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Table 1
Comparison of two representative s-wave potential parameter sets
(KLTK90 and BFG97). Values of b∗0 ≡ b0 + 0.215 ReB0 are shown
in the last column
Authors b0 b1 ReB0 b∗0
KLTK90 0.024(15) −0.090(5) −0.26(3) −0.032(16)a
BFG97 0.000(15) −0.125(14) −0.14(7) −0.030(21)a
This work −0.116(16) −0.04(3) −0.028(1)b
a Errors for b∗0 , when those of b0 and ReB0 were added
quadratically.
b The error in the present analysis is evaluated statistically.
medium renormalization of the chiral order parameter,
it is a crucial difference. Thus, we need an alternative
approach to extract the b1 parameter to a better confi-
dence, as emphasized in Ref. [2], which focuses only
on the 1s π− states to remove any ambiguity resulting
from the p-wave potential.
Because of the lack of 1s data in heavy (N >Z)
nuclei, most information on the isovector s-wave
parameter (b1) has been obtained from higher (2p,
3d and 4f ) pionic states, which are affected by both
the s-wave and p-wave potentials. Thus, in global fits
the b1 parameter is counterbalanced by the isovector
p-wave parameter (c1). As shown in BFG97, the
c1 parameter has an appreciable correlation with the
LLEE parameter (ξ ) in the p-wave part. The value of ξ
cannot be well determined in global fits because of a
very shallow minimum due to the correlation with the
other parameters, and may vary between 0 and 2. This
ξ − c1 correlation subsequently produces an artifact
in a multi-parameter space, such that a variation of
ξ from 0 to 2 causes a shift of b1 by as much
as +0.018 [24]. Thus, to be free from such artifact
ambiguities it is essential to experimentally study
deeply bound 1s states of π− in heavy nuclei with
N > Z. From this standpoint, the recently observed
1s states in Pb nuclei have a particular importance.
Since the contribution of the p-wave potential to the
1s states is very small, we can safely set the p-wave
potential parameters to the standard values of BFG97
and extract the s-wave parameters from fitting the
experimental data of the available 1s states one by
one. Our differential procedure aims at a transparent
deduction of the b1 parameter. In this way we can also
examine any possible difference between light and
heavy nuclei and between shallow and deeply bound
states.
Fig. 1. Seki–Masutani relation between b0 and ReB0 with
b∗0 = b0 + 0.215 ReB0 = −0.0280 ± 0.0010. The theoretical lines
for the 1s states in 16O and 205Pb lie within this band. Best-fit val-
ues of b0 in χ -squares minimization using the 1s pionic atom data
in 6 symmetric nuclei with ReB0 as a gridding variable are shown
and are found to lie on the SM lines. The parameters obtained from
global fits of KLTK90 [12] and BFG97 [13], together with b0–ReB0
sets from FG98 [26] (without conversion from b0 to b¯0 in their con-
vention), are also shown.
Furthermore, we notice that global fits produce
large uncertainties in b0 and ReB0, as shown in
Table 1 and in Fig. 1. The assigned errors of b0
and ReB0 in BFG97 would amount to an uncertainty
in the s-wave potential strength, δUs(0) ∼ ±7 MeV,
which would correspond to an uncertainty of as much
as ∼±300 keV in B1s of 205Pb. The values of b0
and ReB0 in KLTK90 and in BFG97 are also very
different from each other. Under these circumstances
the deduced parameters (b0 and ReB0) would give
no meaningful physical implication. Such an apparent
contradiction can be removed when we recognize that
there is a unique relation between b0 and ReB0
(which we call Seki–Masutani (SM) relation [25]),
namely,
(5)b∗0 ≡ b0 +
2
1
ρe ReB0 ≈ constant,
H. Geissel et al. / Physics Letters B 549 (2002) 64–71 67
where ρe is a parameter associated with an effective
density by which the extra density dependence of the
potential is effectively transposed as ρ(r)2 → ρ(r)ρe.
A simple relation with ρe ∼ 0.5ρ0,
(6)b∗0 ≈ b0 + 0.215 ReB0 ≈ constant,
as originally obtained by Seki and Masutani [25], was
found from numerical calculations of Bnl and Γnl
to hold for individual pionic states, including the 1s
and 2p deeply bound states in Pb [19]. Fig. 1 shows
relation (6) with the empirical values of b∗0 (−0.028±
0.001), which are determined in the following section.
The theoretical relations for the 1s π− states of 16O
and 205Pb are within this band.
Because of the SM relation, the b0 and ReB0 pa-
rameters are lumped together, and large uncertainties
would result in global fits when these parameters were
regarded as being free and independent. On the other
hand, if either one of the two is held fixed, the other
parameter can be determined rather precisely. Actu-
ally, Friedman and Gal [26] showed, in a global fit
of pionic atom data with ReB0 as a gridding vari-
able, that b0 has a linear relation with ReB0, as shown
in Fig. 1, proving the SM correlation in a different
way. Although their b0 values are those after a double
scattering correction, and are thus different from ours,
a linear relation between their b0 and ReB0 values is
seen to hold empirically. The largely uncertain values
of b0 and ReB0 from KLTK90 and BFG97, plotted in
Fig. 1, are seen to be close to the SM line. We give
values of b∗0, combining b0 and ReB0 from KLTK90
and BFG97 in the last column of the table, which are
seen to be equal to each other, whereas the individual
b0 and ReB0 values are very different. Because of the
SM correlation, it is erroneous to regard b0 and ReB0
as being independent. Thus, we employ in our analy-
sis a parameter (b∗0), as defined in Eq. (6), instead of
the two strongly correlated parameters (b0 and ReB0).
3. Light pionic 1s states
For light symmetric nuclei (Z =N ) with ρ(n)(r)=
ρ(p), only the isoscalar part is responsible, where
both B1s and Γ1s are combined functions of the real
part (b∗0) and the imaginary part (ImB0). A set of
experimental values of the 2p→ 1s transition energy
and the width in 6 symmetric nuclei (12C, 14N, 16O,
20Ne, 24Mg and 28Si) were used to uniquely determine
b∗0 and ImB0 in each nucleus. The proton density
parameters, as given in Ref. [27], were taken and the
neutron distribution was assumed to be the same as the
proton distribution. The obtained ImB0 values were
found to be consistent with the known value, ImB0 =
0.055 ± 0.003 from BFG97. The b∗0 values show no
significant mass-number dependence.
We also made a chi-squares minimization using
these data to obtain a best-fit b0 value for each gridding
value of ReB0. The obtained b0–ReB0 values are
found to be in good agreement with the SM line,
Eq. (6), as shown in Fig. 1, from which we deduce
the best-fit b∗0 as
(7)b∗0 = b0 + 0.215 ReB0 =−0.0280± 0.0010.
We note that the error of b0 in the present gridding
procedure is substantially smaller than that in the
global fits of FG98 [26]. Although the individual
data as plotted vs. the central nuclear density (ρ0)
may show a slight density dependence, such a density
dependence, if any, is within the error assigned above.
Thus, the above b∗0 value can be safely applied to the
case of Pb nuclei.
The isovector parameter (b1) can in principle be
obtained from light nuclei using isotope shift data,
such as in 16O–18O. However, the shift depends on
an assumed difference between the proton and neutron
distributions. Since there is no precise information
on the neutron distribution as of now, no reliable
deduction of b1 is possible.
4. Pionic 1s state in 205Pb
We now consider the recently measured B1s and
Γ1s in 205Pb,
B1s = 6.762± 0.061 MeV,
(8)Γ1s = 0.764+0.171−0.154 MeV.
We calculated B1s and Γ1s by changing the s-wave
potential parameters to find the best experimental con-
straints among the potential parameters. In doing this,
we used the r.m.s. radius of the charge distribution,√
〈r2p〉 = 5.482 fm, given in a table of Fricke et al. [27].
The most serious underlying problem in heavy nu-
clei is the relatively poor knowledge about the neu-
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Fig. 2. Calculated values of B1s (6.5–7.0 MeV) and Γ1s
(0.5–1.0 MeV) of π− in 205Pb presented in a plane of ImB0–b∗0
for the “halo type” (upper) and the “skin type” (lower) of the neu-
tron distribution. The experimental values of B1s and Γ1s [9] are
shown as skewed ellipse zones in the upper figure. The b1 para-
meter was temporarily set to be −0.12, and the ImB0 parameter
(= 0.055 ± 0.003) determined from global fits of pionic atom data
[13] is shown by a horizontal band.
tron distribution. Recently, some systematic behavior
has been deduced empirically from antiprotonic atom
experiments [28]. A systematic deviation (∆np) was
observed in the r.m.s. radius of the neutron distrib-
ution from the r.m.s. radius of the proton distribu-
tion as a function of (N − Z)/A, as given by ∆np =√〈r2n〉 −
√
〈r2p〉 = (1.01± 0.15)(N −Z)/A− (0.04±
0.03) fm. More specifically, the neutron distributions
in 206,207,208Pb were determined from a proton elas-
tic scattering experiment at 650 MeV [29]. We ob-
tained the r.m.s. radius of the neutron matter distrib-
ution in 205Pb,
√〈r2n〉 = 5.655 fm, by folding an r.m.s.
radius of neutron to the point-neutron value which
was extrapolated from the data on 206,207,208Pb. Thus,
∆np = 0.173 fm, which is in good agreement with
the systematics given above (0.166 fm). Furthermore,
a radiochemical experiment on antiproton absorption
by various nuclei showed that this n − p difference
is of a “halo type”; namely, the difference originates
from a difference in the diffuseness (a), rather than in
the half-density radius (c), in the two-parameter Fermi
expression. Adopting this “halo type” neutron distri-
bution, we use cn = cp = 6.617 fm, ap = 0.523 fm,
an = 0.643 fm. On the other hand, adopting the “skin
type” neutron distribution, we use cp = 6.617 fm,
cn = 6.838 fm, an = ap = 0.523 fm. The result of a
recent analysis of the proton elastic scattering exper-
iment [30] on the neutron distribution in 206,207,208Pb
shows that the obtained distribution is in between the
“halo” and “skin” cases.
Fig. 2 shows the experimental data of B1s and Γ1s
presented in an ImB0–b∗0 plane for each of the two
types of neutron distributions, temporarily assuming
b1 =−0.12. We fixed the imaginary parameter to the
BFG97 value, ImB0 = 0.055 (as shown in the figure),
to obtain a b∗0 − b1 relation for the experimental B1s
and Γ1s values in 205Pb, since this value is much
better than the constraint from the 1s width of 205Pb.
These then yield relations between b∗0 and b1 for
the two adopted nuclear density distributions: b∗0 =−0.226b1 − 0.0548± 0.0030 for the “halo” case, and
b∗0 =−0.240b1−0.0550±0.0033 for the “skin” case.
5. Isoscalar and isovector parameters
Now, in a manner similar to the diagram given in
Ref. [2], we present the above b∗0 − b1 constraints in
Fig. 3 together with the average b∗0 value (−0.0280±
0.010) obtained from studies on light nuclei. Both the
“halo” and “skin” cases are shown. The crossing zone
gives
(9)b1 =−0.116+0.015−0.017,
in which the uncertainty in the neutron density dis-
tribution is maximally taken into account. The thus-
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Fig. 3. Presentation of the isoscalar (b∗0 ) and the isovector (b1)
parameters. The 1s states of light symmetric pionic atoms give
a shaded horizontal band. The b∗0 –b1 constraints by the 1s state
of 205Pb are shown for the two types of neutron distributions:
“halo type” (broken line) and “skin type” (dash-dotted line) with
respective 1σ error zones. The free-πN values (“FREE”) and their
effective values (“EFF”) after the double scattering corrections are
also indicated. The scale for the reduction of the squared chiral order
parameter R = bfree1 /b1 ≈ f ∗π 2/f 2π is shown in the upper part.
obtained isovector parameter (|b1|) is significantly en-
hanced over the free value (|−0.090|). Its implication
is discussed in the following section.
The experimental zone is very far from the free-
πN zone (Eq. (2)), indicated as “FREE”. In nuclei,
however, the double-scattering effect which originates
from the basically isovector type πN scattering pro-
duces an effective isoscalar interaction, as introduced
by Ericson and Ericson [10],
(10)
bDS0 = bfree0 − 1
[(
bfree0
)2 + 2(b1)2
]3[3π2ρ(r)/2]1/3
2π
,
where the correlation strength, 〈1/r〉, of relevant
nucleons is given in terms of the local nuclear density
(ρ(r)). The double-scattering effect has recently been
studied to higher orders by Kaiser and Weise [31],
and their results are close to those given by the
conventional formula, Eq. (10). With the local-density
approximation we calculated the double scattering
effect and obtained
(11)bDS0 ∼ bfree0 − 1.52
(
ρ0/0.165 fm−3
)1/3
b21,
which corresponds to an effective density of ρe ∼
0.5ρ0. Its value corresponding to bfree1 defines an
“effective” zone, as indicated by “EFF”,
(12)bEFF0 ∼−0.011.
The EFF zone is still far from the experimental zone.
Traditionally, the large “missing” repulsion has been
attributed to a large ReB0ρ(r)2 term in the potential.
When b1 is modified in the nuclear medium, this
brings about a change in b0 effectively through the
double-scattering effect. If we extend the double-
scattering trajectory (11) toward the observed b1 value
(−0.116), we obtain bDS0 ∼ −0.020 ± 0.005. The
observed value (b∗0 = −0.0280 ± 0.0010) is mostly
accounted for by this double-scattering effect. The
slight density dependence of b∗0 (if any) observed
for light nuclei is consistent with Eq. (11). If the
remaining difference is ascribed to ReB0, it sets an
empirical constraint:
(13)ReB0 = b
∗
0 − bDS0
0.215
∼−0.038± 0.025.
So far, a large density-quadratic term (ReB0 ∼
−0.14 [13], ∼−0.26 [12]) was invoked in global fits
of pionic atoms, as shown in Table 1. Furthermore,
Friedman and Gal [26] claim that the χ2 would
increase to an unacceptably large value if the ReB0
term is discarded, with the assertion that the b0 and b1
parameters should be close to the free values. Contrary
to these traditional arguments, we now find that the
large |b∗0| originates from the enhanced |b1| through
the double-scattering effect, and thus excludes the
invocation of a large ReB0ρ(r)2 term.
6. Discussion and conclusion
In summary, we have deduced in our differential
approach the isoscalar and isovector parameters sep-
arately by combining the newly observed 1s π− state
in 205Pb with the 1s states in light symmetric pionic
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atoms. The obtained values, Eqs. (7), (9), have the fol-
lowing implications:
(i) The isovector parameter (b1 =−0.116+0.015−0.017) is
significantly enhanced over the free value (−0.090).
The ratio is related to an in-medium modification of
the squared pion decay constant as
(14)R = b
free
1
b1
= f
∗2
π
f 2π
= 0.78+0.13−0.09
if interpreted by a leading-order modification of the
Tomozawa–Weinberg relation [1]. Namely, the present
observation infers that the chiral order parameter (f 2π )
is by ∼ 22+9−13% reduced in the nuclear medium of
205Pb in which the bound π− is located.
(ii) The isoscalar parameter, b∗0 = −0.0280 ±
0.0010, is to a large extent accounted for by the
double-scattering effect, since |b1| is enhanced. This
sets a constraint, Eq. (13), on the density-quadratic
term, which is small in contrast to the large |ReB0|
values (“missing repulsion”) so far claimed in global
fits of pionic atoms.
Although a reduction of the chiral order parameter
(f 2π ) in a nuclear medium is theoretically expected and
discussed in relation to medium-modified masses of
hadrons (N,ρ,ω, . . .) [32,33], so far no clear exper-
imental evidence exists because of the intrinsic diffi-
culties in determining in-medium hadron masses [34].
It has been emphasized only very recently that the
isovector parameter (b1) in the pion–nucleus potential
plays a crucial role in connection with f 2π [1,2]. Weise
[1] proposed the following in-medium modification to
the leading order in the nuclear density (ρ):
(15)R ≈ f
∗2
π
f 2π
≈ 1− σN
m2πf
2
π
ρ(r),
where σN (∼ 45 MeV) is the pion–nucleon sigma
term. The same leading-order modification was pre-
viously derived for 〈q¯q〉ρ/〈q¯q〉0 by Drukarev and
Levin [35]. The above expression has relevance with
the energy dependence of the isospin-even T matrix,
which was discussed by Ericson [36]. For the normal
nuclear density (ρ0 = 0.17 fm−3) one would obtain
R ∼ 0.65. This is, however, no contradiction to our
result given in Eq. (14), since the relevant density to
be used in Eq. (15) is the effective nuclear density re-
sponsible for the pionic bound states.
When we introduce a local-density-dependent term,
like Eq. (15), the isovector potential term may not be
linear in ρ(r) with b1 as a constant, but a non-linear
function of ρ(r), as expressed by
(16)b1(ρ)ρ(r)= b
free
1
1− αρ(r)ρ(r),
where α is a constant parameter representing a reduced
chiral order parameter. We solved the Klein–Gordon
equation involving such a density non-linear term, and
found that its effect on the binding energy (and width)
is transposed to an effective density-linear term as
(17)b1(ρ)ρ(r)→ b¯1ρ(r),
where
(18)b¯1 = b
free
1
1− αρe ∼
bfree1
1− 0.60αρ0
with an effective density (ρe) of ∼ 0.60ρ0 [37]. This
indicates that the constant parameter (b1) used in the
conventional form is translated into an effective para-
meter (b¯1) derived from the local-density-dependent
potential. Thus, the reduction factor (R) that we have
obtained is related to
(19)R = b
free
1
b¯1
= f
∗2
π
f 2π
≈ 1− σN
m2πf
2
π
0.60ρ0.
Therefore, Weise’s prediction leads to R ∼ 0.79 for
the π− bound states, which is very close to the ex-
perimental value of R found in this work, Eq. (14). In
turn, this would correspond to R ∼ 0.65 if a π− were
in nuclear matter with a density of ∼ 0.17 fm−3. The
translation of b1(ρ) into b¯1 also applies to the dou-
ble scattering term, Eq. (10). Namely, both bDS0 and b1
in Eq. (10) are now regarded as being corresponding
effective parameters. Thus, the foregoing arguments
concerning the double-scattering effect in relation to
the ReB0 term remain unchanged.
In a very recent paper [38] Friedman reported
b1 = −0.122± 0.04 (in the conventional form) from
a global fit, showing that the pionic atom data can
be reproduced by asserting Weise’s prediction with
α = 2.3. This is consistent with our conclusion. The
past global-fit values range from −0.090 ± 0.005
in KLTK90 to −0.125 ± 0.014 in BFG97. We note
that our procedure to deduce b1 (or α) is free from
ambiguities in the p-wave potential.
In conclusion, we have presented an experimen-
tal indication of an enhanced isovector term of the
s-wave pion–nucleus interaction based on the recently
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observed 1s π− state of 205Pb. This enhancement is
interpreted as a reduction of the chiral order parame-
ter in the nuclear medium. To determine the isovector
parameter more precisely, a systematic experimental
study of the deeply bound 1s states of π− in various
Sn isotopes is under way.
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